Loss of mitochondrial membrane integrity and release of apoptogenic factors are a key step in the signaling cascade leading to neuronal cell death in various neurological disorders, including ischemic injury. Emerging evidence has suggested that the intramitochondrial protein apoptosis-inducing factor (AIF) translocates to the nucleus and promotes caspase-independent cell death induced by glutamate toxicity, oxidative stress, hypoxia, or ischemia. However, the mechanism by which AIF is released from mitochondria after neuronal injury is not fully understood. In this study, we identified calpain I as a direct activator of AIF release in neuronal cultures challenged with oxygen-glucose deprivation and in the rat model of transient global ischemia. Normally residing in both neuronal cytosol and mitochondrial intermembrane space, calpain I was found to be activated in neurons after ischemia and to cleave intramitochondrial AIF near its N terminus. The truncation of AIF by calpain activity appeared to be essential for its translocation from mitochondria to the nucleus, because neuronal transfection of the mutant AIF resistant to calpain cleavage was not released after oxygen-glucose deprivation. Adeno-associated virus-mediated overexpression of calpastatin, a specific calpain-inhibitory protein, or small interfering RNAmediated knockdown of calpain I expression in neurons prevented ischemia-induced AIF translocation. Moreover, overexpression of calpastatin or knockdown of AIF expression conferred neuroprotection against cell death in neuronal cultures and in hippocampal CA1 neurons after transient global ischemia. Together, these results define calpain I-dependent AIF release as a novel signaling pathway that mediates neuronal cell death after cerebral ischemia.
Introduction
Release of apoptogenic factors from mitochondria plays a critical role in mediating neuronal cell death after cerebral ischemia Sugawara et al., 1999) . Activation of the mitochondrial-signaling cascade can activate both caspasedependent and caspase-independent cell death-execution pathways ). In the caspase-independent mechanism, loss of mitochondrial membrane integrity leads to the release of apoptosis-inducing factor (AIF), which kills cells by degrading the nuclear genome without requiring caspase activity (Susin et al., 1999; Widlak et al., 2001) . Recent studies have demonstrated that AIF is translocated from mitochondria to the nucleus after neuronal insults, including excitotoxicity, oxidative stress, hypoxia, and cerebral ischemia (Cregan et al., 2002; Zhang et al., 2002; Cao et al., 2003; Zhu et al., 2003) . This caspase-independent mechanism appears to be particularly relevant to adult brain injury, because AIF is expressed abundantly in adult brain (Cao et al., 2003) , whereas the expression of caspases and the caspase dependence of ischemic neuronal death markedly decline with brain maturation (H. Yakovlev et al., 2001; Cao et al., 2002; Tanaka et al., 2004) . Indeed, several studies have shown neuroprotective effects against neuronal cell death by either neutralizing intracellular AIF or genetically reducing the expression of AIF Cheung et al., 2005; Culmsee et al., 2005) . Hence, the AIF-dependent death pathway is emerging as a legitimate potential therapeutic target for ischemic neuronal injury.
The recent study by Cheung et al. (2006) has provided important evidence that AIF-induced cell death is dependent on the translocation of AIF to the nucleus and not attributable to the loss of AIF from mitochondria per se. It is thought that, through direct interaction with genomic DNA, AIF degrades the nucleus, leading to large-scale DNA fragmentation, chromatin condensation, and chromatinolysis Ye et al., 2002) . The physiological role of AIF in mitochondria is not fully understood; however, several studies suggest that AIF possesses important nicotinamide adenine dinucleotide oxidase activity and that deletion of AIF could result in reduced mitochondrial complex I ized order, was also constructed and served as the control. During construction, all inserts in the expression plasmids were verified by sequencing reaction on both strands.
Production of adeno-associated virus vectors. Adeno-associated virus (AAV) vectors carrying either the short hairpin siRNA AIF targeting sequence (AAV-AIFt), its scramble control sequence (AAV-AIFs), the calpastatin cDNA (AAV-Cps), or rat or human AIF cDNA (AAV-AIF) were constructed. Compared with several other types of viral vectors, AAV shows higher efficiency for neuronal or brain gene transfection with minimal cytotoxicity or inflammation inducibility. In this study, the expressing vector plasmid, which contains an simian virus 40 splicing site and a polyadenylation signal, was flanked by the AAV inverted terminal repeats. The pH1-AIF or its scramble control sequence was isolated by EcoRV and NotI from its parental plasmid and then inserted into the AAV expressing vector plasmid. Large-scale production of the AAV vector was performed using the adenovirus-free triple-plasmid cotransfection method described previously (Xiao et al., 1998) . A total of 50 g of plasmid mixture was cotransfected into human embryonic kidney HEK293 cells with the assistance of 0.25 M CaCl 2 , and the cells were grown in DMEM containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA) for 48 h and then harvested. AAV vectors were purified using an fast protein liquid chromatography system in conjunction with HiTrap Heparin columns (GE Healthcare). The titers of the virus particles were determined by the DNA dot blot method.
Primary neuronal culture and in vitro model of ischemia. Primary cultures of hippocampal/cortical neurons were prepared from 17 d Sprague Dawley rat embryos as described previously (Cao et al., 2001 ). Experiments were conducted at 12 d in vitro (DIV), when cultures consisted primarily of neurons (ϳ97%) as determined using cell phenotypespecific immunocytochemistry (Cao et al., 2001) .
To model ischemia-like conditions in vitro, primary cultures were exposed to transient oxygen and glucose deprivation (OGD) (Cao et al., 2001 (Cao et al., , 2003 . In brief, two-thirds of the culture medium was replaced four times with serum-and glucose-free medium, resulting in a final glucose concentration of Ͻ1 mM. The glucose-deprived cultures were then placed in a Billups-Rothenberg (Del Mar, CA) modular incubator chamber, which was flushed for 15 min with 95% argon and 5% CO 2 and then sealed. The chamber was placed in a water-jacketed incubator (Thermo Electron Corporation, Cambridge, UK) at 37°C for 60 min and then returned to 95% air, 5% CO 2 and glucose-containing medium for the period of time indicated in each experiment. Control glucose-containing cultures were incubated for the same periods of time at 37°C in humidified 95% air and 5% CO 2 .
Fluorescence of Alamar blue (Accumed International, Westlake, OH), an indicator that changes from blue to red and fluoresces when reduced by cellular metabolic activity, was used to measure the viability of the cultured neuron at 24 -72 h after OGD (Nagayama et al., 1999; Cao et al., 2004) . One-half of the culture medium was replaced with MEM-Pak containing 10% (v/v) Alamar blue, and cultures were incubated for 1.5 h at 37°C in humidified 95% air and 5% CO 2 . Fluorescence was determined in a Millipore (Billerica, MA) CytoFluor 2300 automated platereading fluorometer, with excitation at 530 nm and emission at 590 nm. As demonstrated previously, Alamar blue fluorescence in these cultures varies linearly with cell number, decreases with exposure to hypoxia or OGD, and correlates with the extent of cellular injury determined by lactate dehydrogenase (White et al., 1996) .
OGD-induced cell death was quantified by measuring lactate dehydrogenase (LDH) release from damaged cells into the culture medium (Cao et al., 2003) . In brief, 10 l aliquots of medium taken from the cell culture wells were added to 200 l of LDH reagent (Sigma, St. Louis, MO). Using a spectrophotometer plate reader (Molecular Devices, Sunnyvale, CA), the emission was measured at 340 nm, which is proportional to the amount of LDH in the medium. The percentage of cell death was calculated as follows: the difference between the amounts of LDH measured in the media of OGD-challenged and control nontreated cells was divided by the difference between the amounts of LDH measured in the media of totally lysed cells and control nontreated cells. Total cell lysis was achieved by incubating the cells in 1% Triton X-100 solution for 10 min at 37°C. AIFt  Targeting sequence 1, 5Ј-GAGAAACAGAGAAGAGCCA-3Ј  Targeting sequence 2, 5Ј-GTCACGTCCCTTTCCTGCT-3Ј  AIFs  Scramble sequence, 5Ј-AACAGGAACAGACGGAGAA-3Ј  GFPt  Targeting sequence, 5Ј-AACAGCTGCTAGGATTACACA-3Ј  calp-It  Targeting sequence 1, 5Ј-CAGTTTCTCATAGCTTGGGCTTCAA-3Ј  Targeting sequence 2, 5Ј-ATCAAGTGGAAGCGTCCTACGGAA-3Ј  calp-Is  Scramble sequence, 5Ј-TTAAGCTTACCTTGGATAGTGCCT-3Ј  calp-IIt  Targeting sequence 1, 5Ј-AAAGCTCAGGAAGCCTGCAGAAATT-3Ј  Targeting sequence 2, 5Ј-CAAATACCTTCTGGATGAACCCTCA-3Ј  calp-IIs  Scramble sequence, 5Ј-TTTGAAGAACAAGCAGACAAGGCCT-3Ј calp-IIt, Calpain II-targeting sequence; calp-IIs, calpain II scramble sequence.
In selective experiments, cell death was evaluated after OGD using Hoechst 33258 nuclear staining, propidium iodide uptake, or Klenowmediated DNA nick-end labeling (Nagayama et al., 1999) . The percentages of cells showing chromatin condensation or DNA damage were quantified by counting at least 3000 cells under each experimental condition (three randomly selected fields per well, four to six wells per condition per experiment, and three independent experiments).
Gene transfection in primary neurons by AAV vectors and nucleofector. The neuronal cultures were infected with the AAV-AIFt, AAV-AIFs, or AAV-Cps vector or the control vector [AAV-green fluorescent protein (GFP) or empty AAV] at the particle/cell ratio of 1 ϫ 10 5 /1iter for 6 h in serum-free media and then incubated in vector-free normal media for 72 h (Cao et al., 2004; Chu et al., 2005) . The overexpression of calpastatin in neurons was confirmed by immunocytochemistry and Western blot, respectively, using the anti-hemagglutinin (HA) antibody. The AIF knockdown effect by AAV-AIFt in neurons was examined using Northern blot analysis, Western blot (with the anti-AIF antibody), and doublelabel immunofluorescence [AIF/cytochrome c oxidase IV (COX IV)] and confocal microscopy.
Knockdown of calpain I or calpain II was achieved in neurons by transfection of the shRNA plasmids using the Nucleofector device (Amaxa, Gaithersburg, MD) according to the protocol of the manufacturer. The calpain I-or calpain II-targeting plasmid or their respective scramble control plasmids were transfected immediately before cell plating. Using the rat neuron Nucleofector kit, each transfection reaction was done using 4 ϫ 10 6 neurons, which were plated at the densities of 5 ϫ 10 4 for the 96-well plate, 3 ϫ 10 5 for the 24-well plate, or 4 ϫ 10 6 for the six-well plate. Neurons were used for OGD experiments at 12 DIV.
Calpain activity assay. Calpain activity assay was performed using a fluorescent calpain I substrate as described previously (Cuerrier et al., 2005) . In brief, whole-cell or mitochondrial proteins at the indicated amounts were incubated with calpain reaction buffer [20 mM HEPES, pH 7.6, 1 mM EDTA, 50 mM NaCl, and 0.1% (v/v) 2-mercaptoethanol] containing 10 M calpain I fluorescent substrate H-E(EDANS)PLFϳAERK(DABCYL)-OH (Calbiochem, La Jolla, CA). The reaction was initiated by addition of CaCl 2 (final concentration of 5 M) and incubated at 37°C for 30 min. The activity of calpain was measured by detecting the increase in fluorescence using excitation/emission wavelengths of 335/500 nm. Calpain activity was calculated quantitatively based on the standard curve generated using recombinant calpain I (Calbiochem) and expressed as units per milligram protein.
Isolation of mitochondria. Nonsynaptic brain mitochondria were isolated from mice according to previously described methods with modifications (Berman and Hastings, 1999) . In brief, brain tissues were homogenized in mitochondria isolation buffer (MIB) containing 225 mM mannitol, 75 mM sucrose, 5 mM HEPES, pH 7.4, 1 mM EGTA, and 1 mg/ml bovine serum albumin and centrifuged at 1200 ϫ g for 10 min. The mitochondria were collected by centrifugation at 12,000 ϫ g for 10 min, resuspended in 10 ml of MIB containing 0.02% digitonin, and centrifuged at 12,000 ϫ g for 10 min. The mitochondrial pellets were then resuspended in MIB and further purified by a sucrose step gradient consisting of 2 ml each of 1.2 and 1.6 M sucrose by centrifugation at 40,000 ϫ g for 1 h at 4°C. The brownish-colored mitochondria-containing band, which was located at the interface of 1.2 and 1.6 M sucrose, was recovered, washed once with MIB, and resuspended in MIB without BSA and EGTA. For mitochondrial isolation from primary neuron cultures, cells were suspended in MIB and placed on ice for 15 min. The cells were homogenized and mitochondria were resuspended in MIB and further purified by a sucrose step gradient as described above.
To generate mitochondrial subfractions, a protocol using a combination of lower concentrations of digitonin and sonication was used as described previously with minor modifications (Kim et al., 2004) . Mitochondria were resuspended at a concentration of 3 g/l and treated with digitonin at a final ratio of 0.4% (w/w, digitonin/mitochondrial protein). We found that, at this concentration, digitonin can break the outer membrane (OM) of brain mitochondria [allowing the separation of inner membrane (IM) from mitochondria] but does not significantly dissolve membrane proteins. The mixtures were placed at 4°C with gentle shaking for 15 min and then centrifuged at 12,000 ϫ g for 15 min. The resulting supernatants were further centrifuged at 100,000 ϫ g for 1 h to collect the intermembrane space (IMS) (supernatant) and outer membrane (pellet) fraction. The resulting pellets, which contain both outer and inner membrane, were resuspended in hypotonic buffer containing 20 mM HEPES-KOH, pH 7.4, for 20 min at 0°C and sonicated for three times for 10 s at 50% amplitude in a cell disruptor equipped with a microtip (three times for 10 s at 50% amplitude or 8 W output). Residual intact mitochondria and large fragments were removed by centrifugation at 16,000 ϫ g for 20 min at 4°C. Submitochondrial membrane in the supernatant was layered onto linear sucrose gradients consisting of 0.8 ml each of 1.0, 1.2, 1.4, and 1.6 M sucrose (in 10 mM KCI and 5 mM HEPES-KOH, pH 7.4) and centrifuged at 140,000 ϫ g for 16 h at 4°C. Fractions were sequentially collected from the bottom, and each contained ϳ200 l of sample. After protein concentration determinations, the purity of these fractions was analyzed by immunoblot with antibodies against mitochondrial outer membrane [voltage-dependent anion channel (VDAC)], inner membrane (COX IV), and intermembrane space [adenylate kinase 2 (AK2)] markers.
Protein binding assay. Protein-protein binding between AIF and heat shock protein 10 (HSP10) was studied using in vitro translation products using the cell-free assay as described previously (Cao et al., 2004) . In brief, [ Intracerebral infusion of AAV and transient cerebral ischemia. AAV vectors were infused into the CA1 sector in the dorsal hippocampus (two injection spots; coordinates: anteroposterior, Ϫ3.5 mm and lateral, 2.0/ 3.5 mm from bregma) using the convection enhancement technology. Briefly, male Sprague Dawley rats weighing 250 -275 g were anesthetized using isoflurane. The AAV vectors (AAV-Cps, AAV-AIFt, AAV-AIFs, or control vectors, including AAV-enhanced GFP and empty AAV vector) dissolved in physiologic saline [2 ϫ 10 10 DNase-resistant particles/l] were infused at the rate of 0.1 l/min over 50 min via a custom-made convection-enhanced microinfusion system linked to a UMP2 microsyringe pump (World Precision Instruments, Sarasota, FL). The animals were allowed to recover for up to 14 d to enable sufficient gene expression. Expression of calpastatin in the hippocampal CA1 was examined by immunohistochemistry and Western blot using the anti-HA antibody. The effect of AAV-AIFt on AIF expression in the hippocampal CA1 was examined by Western blot using the anti-AIF antibody and by doublelabel immunofluorescence for GFP and AIF.
At 14 d after AAV infusion, global ischemia was induced for 15 min in isoflurane-anesthetized rats using the four-vessel occlusion method (Chen et al., 1998) . Blood pressure, blood gases, and blood glucose concentration were monitored and maintained in the normal range throughout the experiments. Rectal temperature was continually monitored and kept at 37-37.5°C using a heating pad and a temperatureregulated heating lamp. Brain temperature was monitored using a 29 gauge thermocouple implanted in the right caudate-putamen and was kept at 35.8 Ϯ 0.2°C during ischemia and at 37-37.5°C thereafter. Electroencephalogram was monitored in all animals to ensure isoelectricity within 10 s after the induction of ischemia. Sham operations were performed in additional animals using the same anesthesia and surgical exposure procedures except that the arteries were not occluded. Rats were killed at prescheduled time points after ischemia: for assessments by Western blot or calpain activity assays, each group consisted of six rats; for immunohistochemistry, each group consisted of four to five rats; and for histological assessments (7 d after ischemia), each group consisted of nine rats.
For the hippocampal cell death assessments, coronal sections (40 m thick) were cut throughout the dorsal hippocampal formation at the coronal levels between Ϫ2.5 and Ϫ4.5 mm from bregma. Every fourth section was stained for cresyl violet, and the immediate adjacent section was stained for DNA fragmentation using Klenow-mediated DNA nick-end labeling (Nagayama et al., 1999) . Viable CA1 neurons and neurons containing DNA damage were quantified using stereology by an investigator who was blinded to the experimental conditions.
Stereological cell counting. The stereology principles were described previously in detail (Gundersen, 1986; Schmitz, 1997) . In the present study, the Bioquant Image Analysis program (Bioquant, Nashville, TN) was used to count CA1 neurons. The Bioquant software is interfaced with a stage encoder to interpret x-, y-, and z-axis movement of the microscope stage. The entire CA1 subfield from a given section was captured with a color CCD camera, and grid squares of 50 ϫ 50 m were generated over the region of interest. The optical dissector method requires that 100 -150 cells be counted in a given structure to estimate the total number. The number of points needed to be assessed within the outlined area was empirically determined. Previous study has shown that a 25 ϫ 25 m counting frame and a focus depth of 25 m in a 40 m section with 7.5 m guard regions above and below should be used. The 25 ϫ 25 ϫ 25 m box in which the neurons were counted was defined as a dissector. An average of nine dissectors per section yields the desired number of counted neurons throughout the CA1 at the levels of the dorsal hippocampus. The number of dissectors in the CA1 of a given section was maintained at a constant ratio from section to section. The rostrocaudal length of the CA1 was 2 mm, obtained by multiplying section thickness by the number of sections (50 sections). Every fourth section was counted. The total number of neurons was calculated using the optical dissector, equal to the quotient of the total number of neurons counted and the product of the fractions for sampling section frequency (SSF) (fraction of sections counted), area section frequency (ASF) (sampling area/area between dissectors), and thickness section frequency (TSF) (dissector depth/section thickness), or N ϭ ⌺ neurons counted ϫ 1/SSF ϫ 1/ASF ϫ 1/TSF). For our study, SSF ϭ 1/4 sections, ASF ϭ 25 ϫ 25 M/50 ϫ 50 M, and TSF ϭ 25 M/40 M.
Western blot analysis. Western blot was performed using the standard method and the enhanced chemiluminescence detection reagents (GE Healthcare). The following antibodies were used. The rabbit monoclonal anti-AIF antibody (clone E20, 1:1000) was purchased from Epitomics (Burlingame, CA). Two rabbit polyclonal antibodies recognizing the internal peptides of rat AIF (NSVLVLIVGLSTIGA and LGLSPEEKQRRAIAS) were custom-made (Bio-Synthesis, Lewisville, TX) and used at dilutions of 1:1500. The mouse monoclonal anticytochrome c oxidase IV antibody (1:1000) was from Invitrogen (Carlsbad, CA). The rabbit polyclonal antibodies against HSP10 (1:500), HSP60 (1:1000), AK2 (1:500), or histone-1 (1: 500) were from Santa Cruz Biotechnology (Santa Cruz, CA). The rabbit polyclonal antibodies against calpain I (1:1000), calpain II (1: 500), or calpastatin (1:1000) were from Chemicon (Temecula, CA).
Pulse-field gel electrophoresis for large-scale DNA fragmentation. Pulse-field gel electrophoresis (PFGE) was performed to detect largescale (50 or 10 kbp) DNA fragmentation, a hallmark of AIF-induced genomic DNA degradation, in brain tissues as described previously (Cao et al., 2003) . Frozen tissues dissected from CA1 (30 mg) were used to prepare agarose plugs. High-molecular-weight DNA was separated using a PFGE system (CHEF Mapper systems' Bio-Rad, Hercules, CA). A slide of 0.02 ml of prepared cast agarose plug was loaded onto a well in 0.8% agarose gel in Tris-borate EDTA (TBE) electrophoresis buffer and sealed in place with 1% low-melting-point agarose. The gel was subsequently run on a Q-life (Kingston, Ontario, Canada) autobase PFG system with software-assisted ROM card 3 (resolution, 8 -500 kbp; Q-Life) in TBE buffer at 14°C. After staining with ethidium bromide, the gel was distained and photographed under UV transillumination.
Statistical analysis. Results are reported as mean Ϯ SE values. The significance of difference between means was assessed by Student's t test (single comparisons) or by ANOVA and post hoc Bonferroni's/Dunn's tests, with p Ͻ 0.05 considered statistically significant.
Results

AIF knockdown reduces cell death induced by oxygen-glucose deprivation
The first objective of the present study was to determine whether AIF plays a critical role in neuronal cell death induced by OGD, an in vitro model that simulates the major pathologic components of ischemic injury. To achieve this, the RNA interference approach was taken. We designed a panel of six shRNA sequences targeting various segments of rat AIF mRNA. Subsequent tests in a rat cell line identified two sequences that were highly effective in knocking down AIF. To test the effect of AIF knockdown in primary neurons, recombinant adeno-associated virus vectors carrying the two AIF-targeting sequences (AAV-AIFt) were made (Table 1) , together with control AAV carrying the scramble sequence (AAV-AIFs). Infection with AAV-AIFt ( Fig. 1 A-C) , but not AAV-AIFs, of cultured cortical neurons resulted in time-dependent decreases in AIF expression, as confirmed using Northern blot (data not shown), Western blot, and immunofluorescent staining. Semiquantitatively, AAV-AIFt reduced AIF protein expression by ϳ80% at 72 h and ϳ90% at 96 h. AAV-AIFt infection did not change the expression levels of the mitochondrial proteins COX IV, VDAC, and HSP60.
To determine whether AIF knockdown per se had adverse effects on neurons, cell viability was evaluated using Alamar blue fluorescence at 72, 96, and 120 h after AAV infection (AAV-AIFt, AAV-AIFs, and AAV-GFP). AAV-AIFt did not significantly decrease cell survival over control vectors (data not shown). The effect of AIF knockdown on selective respiratory complex activities was also examined in neurons at 96 h after AAV infection. Infection of AAV-AIFt resulted in insignificant reductions in mitochondrial activities (11% decrease in complex I activity, 8% decrease in complex II activity, 12.3% decrease in complex II-III activity) (supplemental data 1, available at www. jneurosci.org as supplemental material).
Neurons infected with AAV-AIFt, but not control vectors, were significantly protected against OGD-induced cell death ( Fig.  1D -G). The neuroprotective effect by AAV-AIFt was detected using three different methods, including Alamar blue fluorescence, nuclear staining [Hoechst and terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labeling (TUNEL)], and LDH release (data not shown) after different levels of insult (OGD for 30, 60, or 90 min). To determine whether the neuroprotective effect of AIF knockdown manifested simply as a delay in cell death, cell viability was also measured at 48 and 72 h after 60 min of OGD. At both time points, AAVAIFt-infected neurons showed significantly increased cell viability compared with controls.
To further ensure that the prosurvival effect of AAV-AIFt was specifically attributable to AIF knockdown, two additional controls were tested. First, neurons were coinfected with AAV-AIFt and AAV-hAIF; the latter delivered the human AIF gene that was completely resistant to the rat AIFt [the targeting sequence shares 50% homology between rat (GenBank accession number AF375656, targeting sequence 318 -336) and human (GenBank accession number AF100928) AIF]. Compared with AAV-AIFt infection alone, AAV-hAIF/AAV-AIFt coinfection significantly rescued the OGD-induced cell death phenotype (supplemental data 2 A-C, available at www.jneurosci.org as supplemental material). Second, we tested the effect of an AIF-unrelated targeting sequence, i.e., AAV-GFPt. Overexpression of GFPt in neurons effectively depleted the expression of GFP delivered by AAV-GFP. AAV-GFPt had no significant effect on ischemic cell death, determined at 24 h after 60 or 90 min of OGD (supplemental data 2 D-F, available at www.jneurosci.org as supplemental material).
Translocation of a truncated AIF in neurons after OGD
The next objective of this study was to elucidate the mechanism by which AIF is released from mitochondria after OGD. As the first step, we characterized the temporal profile of AIF release in neurons subjected to 60 min of OGD using Western blot. Increased AIF was readily detectable in the nuclear and cytosolic fractions at 2 h after OGD and throughout the experiment (24 h); a corresponding decrease in mitochondrial AIF content was detected at 6 -24 h after OGD (Fig. 2 B) . Translocation of a truncated AIF in neurons after OGD. A, Western blots show that endogenous AIF in brain or cultures of primary neurons or astrocytes has a molecular size of ϳ62 kDa. Recombinant proteins AIF67 (proform AIF), AIF62 (lacking the first 50 amino acids), and AIF57 (lacking the first 100 amino acids) served as size controls. B, Western blots after subcellular fractionation show that a truncated AIF at the size of 57 kDa was translocated to both nucleus and cytosol after OGD (60 min), whereas the levels of mitochondrial AIF (62 kDa) were decreased after OGD. Recombinant proteins AIF62 and AIF57 served as size controls. The graph at the bottom illustrates the time-dependent changes of AIF in three fractions after OGD. Data are based on four independent experiments. *p Ͻ 0.05 versus non-OGD neurons. C, Western blots based on total-cell extracts show that AIF was truncated to yield the 57 kDa fragment in neurons at 2, 6, and 12 h after OGD (60 min). D, Western blots show that both antibodies raised against amino acids 105-118 (AIF [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] ) and amino acids 65-80 (AIF 65-80 ) of pro-AIF were able to detect endogenous AIF in brain extracts and cultured neurons. Recombinant proteins AIF67, AIF62, and AIF57 served as positive controls. E, AIF that translocated into nucleus at 2, 6, and 16 h after OGD (60 min) was detectable using the AIF 105-118 antibody but not the AIF 65-80 antibody. All blots are representative of at least three sets of independent data with similar results.
Initially, for AIF immunoblots, two recombinant AIF proteins with high purity were used as positive controls, i.e., the proform AIF (67 kDa, before it enters mitochondria) and the mature AIF (57 kDa, the reported size for mitochondrial AIF) lacking the first 100 amino acids of the proform (Susin et al., 1999) . To our surprise, we consistently observed size discrepancies between the positive controls and the endogenous AIF in extracts from brain or cultured primary neurons or astrocytes. In particular, the endogenous mitochondrial AIF (ϳ62 kDa) was found to be larger than the 57 kDa AIF (Fig. 2 A) , whereas the nuclear or cytosolic AIF (released) was 57 kDa (Fig. 2 B) . The results suggest that the size of mature AIF in mitochondria is larger than originally reported (Susin et al., 1999) but is reduced during release from mitochondria. Indeed, the mitochondrial AIF showed the same size as the 62 kDa AIF recombinant protein (Fig. 2 B) , which lacks the first 50 amino acids of the proform. Moreover, the AIF immunoblots of whole-cell extracts from OGD-treated neurons detected an additional band consistent with the size of 57 kDa that was absent in nontreated neurons (Fig. 2C ), indicating that AIF was partially truncated after OGD.
To test the predication that the mature mitochondrial AIF is ϳ40 -50 amino acids larger than the released AIF and that the truncation of AIF in OGD neurons likely occurs at the N terminus (because the antibody against the C-terminal sequence detected both mitochondrial and released AIF), we raised two polyclonal antibodies based on the peptide sequences corresponding to amino acids 65-80 (AIF [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] ) and 105-118 (AIF 105-118 ) of proform AIF, respectively. On Western blots, both antibodies immunoreacted with AIF in brain extracts and neuron cultures (Fig. 2 D) , but only the AIF 105-118 antibody immunoreacted with the nuclear AIF in OGD neurons (Fig. 2 E) , indicating that the nucleartranslocated AIF is a truncated (at the N terminus) form of mitochondrial AIF. Thus, mitochondrial AIF was subjected to proteolytic cleavage to generate the 57 kDa AIF fragment that was translocated into the nucleus after OGD.
Calpain I is capable of truncating AIF and releasing AIF from mitochondria in cell-free assays A number of cysteine proteases, including caspases, lysosomal enzymes, and calpain, may be activated in neurons after ischemic injury ). To determine which specific protease is able to cleave AIF and specifically generate the 57 kDa fragment, we performed an in vitro cell-free assay in which the mitochondrial AIF (62 kDa) was incubated with various purified cysteine proteases. None of the active caspases tested, including caspase-3, caspase-9, and caspase-8, was capable of cleaving AIF. The lysosomal enzymes cathepsin B and cathepsin L caused nonspecific cleavage of AIF, generating fragments with sizes Ͻ40 kDa. In contrast, incubation of recombinant AIF with active calpain I, but not calpain II, was shown to specifically produce the 57 kDa fragment (supplemental data 3A, available at www.jneurosci.org as supplemental material). Subsequently, the calpain I-generated AIF fragment was purified and subjected to N-terminal sequencing using Edman degradation chemistry (Bio-Synthesis). The results revealed that calpain I truncated AIF between L103 and S104. To produce a calpain I-resistant AIF, several single or double mutations were made in the stretch of amino acids 100 -103 using site-directed mutagenesis, and then each of the mutant proteins was tested for its cleavage by calpain I. The AIF protein containing a double mutation (L101G/L103G) showed complete resistance to calpain )-induced AIF release from isolated brain mitochondria. D, Left, Mitochondrial swelling assays show that calpain I at the concentration (1 U/5 M calcium) that induces AIF release did not induce mitochondrial swelling. Right, CSA or BA at the concentration (1 M) that did not inhibit calpain I-induced AIF release was sufficient to block calcium (500 M)-induced mitochondrial swelling. E, CSA or BA at the concentration (1 M) that did not inhibit calpain I-induced AIF release was sufficient to block calcium (500 M)-induced cytochrome c release. Blot for VDAC from total mitochondria served as loading control. F, Cell-free assays were performed using isolated brain mitochondria (35 g) from Bid-deficient (Ϫ/Ϫ), Bid/Bax-double deficient, or wild-type (Wt) mice. Blot for VDAC from total mitochondria served as loading control. G, The synergism between calpain I and Bid to induce AIF release. Mitochondria (35 g) were incubated with recombinant tBid (3 or 30 ng) or Bax (30 or 300 ng) in the absence or presence of calpain I (0.1 or 1 U) for 60 min, and AIF and cytochrome c release was detected by Western blot. The relative density of AIF or cytochrome c band under each experimental condition is indicated at the bottom. Note that tBid enhanced AIF release induced by calpain I. All data are representative of at least three independent experiments with similar results.
I activity (supplemental data 3B, available at www.jneurosci.org as supplemental material).
We and others reported recently that activated calpain I can directly trigger the release of AIF from isolated mitochondria (Liou et al., 2005; Polster et al., 2005) . However, the biochemical basis of this action by calpain I is not fully understood. In the present study, we further investigated the effect of calpain I on isolated mitochondria, determining whether calpain I causes truncation of AIF in mitochondria, whether calpain-induced AIF release is blocked by mitochondrial permeability transition (MPT) pore inhibitors and whether calpain-induced AIF release depends on the presence of the proapoptotic protein Bax or Bid.
In the calpain I/mitochondria assay, the Ca 2ϩ ion concentration required for both calpain I activation and AIF release was found to be between 2 and 5 M in the absence of the divalent ion chelator EGTA in the reaction buffer. At the above concentrations, Ca 2ϩ alone neither induced AIF release from mitochondria nor caused mitochondrial swelling. With the presence of activated calpain I, the truncated AIF with the size of 57 kDa was released from mitochondria ( Fig. 3A) . Although the 57 kDa AIF fragment was only a small fraction of total AIF in the pellet (mitochondrial fraction), this was the only size of AIF present in the supernatant (released from mitochondria), suggesting that AIF was truncated by calpain I before its release from mitochondria. Calpain I-induced AIF truncation and release could be inhibited by recombinant calpastatin (Fig. 3B) . Calpain I-induced AIF release does not appear to depend on MPT (Fig. 3C) , because the MPT inhibitors cyclosporin A and bongkrekic acid at concentrations (1 M) sufficient to block calcium-induced mitochondrial swelling (Fig. 3D) or cytochrome c release (Fig. 3E) failed to inhibit AIF release induced by calpain I. Moreover, calpain I at the concentration capable of inducing AIF release failed to induce mitochondrial swelling (Fig. 3D) .
It is controversial whether Bid or Bax is involved in the regulation of AIF release from mitochondria (Arnoult et al., 2002; van Loo et al., 2002) . Nevertheless, there is considerable evidence suggesting that activated calpain I can cleave Bid or Bax into active fragments that could subsequently damage mitochondria. Thus, we intended to determine whether calpain I-induced AIF release includes any effect from Bid or Bax. The assays were first performed using isolated brain mitochondria from Bid knock-out mice, Bid/Bax double-knock-out mice, or wild-type littermates. As shown (Fig. 3F ) , calpain I induced AIF release from mitochondria regardless of the genetic phenotypes of the mice, indicating that calpain I could induce AIF release independent of Bid and Bax. Next, we wanted to determine whether recombinant truncated Bid (tBid) or Bax protein , and the expression of Cps (tagged with triple HA) was confirmed by Western blot using antibodies against Cps and HA, respectively. B, Neurons infected with empty AAV or AAV-Cps were subjected to OGD (60 min), and Western blot was performed to detect ␣-fodrin cleavage, a marker for calpain activation, at 2 and 6 h after OGD. C, Neurons infected with empty AAV or AAV-Cps were subjected to OGD (60 min), and calpain activity was measured using substrate-based assays at 2, 6, and 16 h after OGD, and the data are expressed as fold increase over non-OGD controls (Con). *p Ͻ 0.05, **p Ͻ 0.01 versus empty AAV-infected neurons, from three independent experiments. D, Representative confocal images show the inhibitory effect of Cps overexpression on OGD-induced AIF release in neurons. Triple-label immunofluorescent staining for AIF (green), COX IV (red), and 4Ј-6Ј-diamidino-2-phenylindole (DAPI; blue) was performed at 6 h after OGD (60 min) in neurons infected with empty AAV or AAV-Cps. The arrows in the middle point to neurons that showed nuclear translocation of AIF after OGD. E, Percentages of neurons showing nuclear translocation of AIF at 2, 6, and 16 h after OGD (60 min). **p Ͻ 0.01, ***p Ͻ 0.001 versus empty AAV-infected neurons, from four independent experiments. F, Western blots for AIF using total cell extracts or nuclear (Nuc) and mitochondrial (Mito) fractions from non-OGD control neurons (C) or 2 and 6 h after OGD in neurons infected with empty AAV or AAV-Cps. The recombinant proteins AIF62 and/or AIF57 served as positive controls. The blots are representatives of three independent experiments. G-I, Cps overexpression attenuated OGD-induced neuronal cell death. Neurons were infected for 3 d with empty AAV or AAV-Cps and then subjected to OGD for 60 min. Cell death was measured at 24 h after OGD using Alamar blue fluorescence (G), LDH release (H ), and phosphatidylinositol (PI) uptake (I ). Data are mean Ϯ SE; n ϭ 12 per experimental condition from three independent experiments. **p Ͻ 0.01, ***p Ͻ 0.001 versus empty AAV-infected neurons.
could induce AIF release in isolated mitochondria as calpain I does. The results revealed that, although the recombinant Bax or tBid potently induced the release of cytochrome c, neither of them was capable of inducing AIF release at the concentrations tested (Fig. 3G) . However, the presence of tBid increased calpain I-induced AIF release from mitochondria (Fig. 3G) , suggesting that tBid can enhance AIF release in the presence of calpain I.
Calpain I is obligatory for OGD-induced AIF release in neurons
Based on the results from the in vitro cellfree assays, we hypothesized that calpain I may mediate the truncation and release of AIF from mitochondria in neurons under ischemic conditions. We tested this hypothesis using primary neuron cultures, addressing the following specific questions. (1) Does inhibition of calpain activation prevent AIF truncation and release in neurons after OGD? (2) Does knockdown of calpain I expression in neurons prevent AIF truncation and release after OGD? (3) How does calpain I gain access to the mitochondrial AIF after OGD?
To inhibit calpain activity with the ultimate specificity, we overexpressed calpastatin, a well characterized calpaininhibitory protein, in neurons using AAV vectors (AAV-Cps). The control vectors included empty AAV vector and AAV-GFP. As determined using immunocytochemistry against the triple-HA tag, infection of AAV-Cps but not the control vector in cultures for 72 h resulted in overexpression of calpastatin in 86.6 Ϯ 3.1% of neurons (mean Ϯ SEM, 12 wells from three independent experiments). This was reflected in Western blot as 8-to 10-fold increases over the endogenous calpastatin levels in neurons (Fig. 4 A) . Overexpression of calpastatin effectively attenuated OGD-induced calpain activation, showing reduced cleavage of ␣-Fodrin to its 140 kDa fragments after OGD (Fig. 4 B) and decreased calpain substrate-cleavage activity in cell extracts (Fig. 4C) . Calpain inhibition by AAV-Cps had profound inhibitory effects on OGD-induced release of AIF in neurons, as determined at the Figure 5 . Calpain I activation contributes to OGD-induced AIF release in neurons. A, Left, Neurons were transfected with empty plasmid (lane 1), calpain I scramble shRNA sequence (Calp-Is; lanes 2, 3), or calpain I targeting shRNA sequence (Calp-It) for 12 d and then immunoblotted against calpain I. **p Ͻ 0.01 versus plasmid controls; n ϭ 3. Right, Neurons were transfected with GFP expression plasmid alone, both GFP and Calp-Is, or both GFP and Calp-It for 12 d. Transfected neurons were collected by GFP cell sorting and then immunoblotted against calpain I and GFP. ***p Ͻ 0.001 versus GFP alone; n ϭ 3. B, Transfected neurons were subjected to OGD for 60 min, and, at 6 h after OGD, nuclear (Nuc), mitochondrial (Mito), or total-cell extracts were immunoblotted against AIF. The graph at the bottom illustrates the semiquantitative results of nuclear AIF from three experiments. *p Ͻ 0.05 versus non-OGD controls; # p Ͻ 0.05 versus empty plasmid-transfected OGD neurons. C, D, Knockdown of calpain I attenuated OGD-induced neuronal cell death. Cell viability and cell death were measured at 24 h after OGD (60 min) using Alamar blue fluorescence (C) and LDH release (D), respectively. Data are mean Ϯ SE; n ϭ 12 per experimental condition from three independent experiments. *p Ͻ 0.05 versus empty plasmid-transfected neurons. E, Western blot detects endogenous calpain I in brain mitochondria. Purified brain mitochondria were subfractionated in the presence of digitonin at either 0.4% (outer membrane broken but no membrane protein dissolving) or 1.0% (resulting in membrane protein dissolving) and then immunoblotted against calpain I and AIF and fraction marker proteins COX IV (IM), VDAC (OM), and AK2 (IMS). Note that, under 0.4% digitonin, calpain I is present exclusively in the IMS, whereas AIF is associated with the IM; under 1.0% digitonin, both AIF and VDAC are dissolved from membranes and appear in all fractions, whereas calpain I remains in the IMS. For calpain I and AIF, the recombinant proteins (Rp) served as markers. The blots are representatives of three experiments. F, Translocation of calpain I and AIF within mitochondria after OGD. Neurons were subjected to OGD (60 min); 2 h later, mitochondria were purified and subfractionated under 0.4% digitonin. Note that calpain I is present in IM, IMS, and, to a lesser extent, in OM fractions after OGD; AIF appears in the IMS fraction at the size of 57 kDa after OGD. G, Semiquantitative analysis of calpain I and AIF levels in total or subfractions of mitochondria after OGD, based on three independent experiments described in F. Levels are expressed as fold increase over non-OGD neurons. *p Ͻ 0.05, **p Ͻ 0.01 versus non-OGD controls. H, Calpain activity measured in isolated whole mitochondria (30 g protein/reaction) before or 2 h after OGD from neurons transfected with empty plasmid, Calp-Is, or Calp-It. cellular level by triple-label (AIF/mitochondria/nuclei) immunofluorescence (Fig. 4 D, E) . Western blots further confirmed that the truncation and nuclear translocation of AIF was inhibited by calpastatin expression after OGD (Fig. 4 F) . Consistent with the neuroprotective effect of calpastatin overexpression, OGDinduced cell death was significantly attenuated in AAV-Cps-infected cultures (Fig.  4G-I ) .
Because calpastatin has no preference for calpain I over other calpain subtypes, we wanted to further address the role of calpain I using shRNA. Therefore, shRNA vectors specifically targeting calpain I and calpain II, the two most abundant neuronal calpain subtypes, were constructed, respectively, together with the scramblesequence controls (Table 1 ). All targeting sequences for calpain I or calpain II shown in Table 1 were selected from five to six sequences for each targeted gene based on their effectiveness in a rat cell line. Gene transfection of neurons was performed using the Nucleofector device with the rat cortical neuron transfection kit (Amaxa). Using this methodology, transfection efficiency of ϳ60% was achieved. As demonstrated in Western blots, transfection of shRNAs specifically reduced the neuronal levels of calpain I (Fig. 5A ) and calpain II (data not shown), respectively, whereas the scramble controls had no effect. After OGD challenge (60 min), the calpain I-deficient (Fig. 5B ), but not calpain IIdeficient (data not shown), neurons showed decreased truncation and nuclear translocation of AIF compared with the control neurons. Moreover, only the calpain I-deficient neurons showed significantly increased cell survival after OGD (Fig. 5C,D) .
The recent study by Garcia et al. (2005) demonstrated the expression of endogenous calpain I protein in purified rat brain mitochondria, suggesting that calpain I may be in close proximity to its mitochondrial substrates. To further understand how calpain I may gain access to the innermembrane-bound AIF after ischemic injury, we examined the expression and activity of calpain I in purified mitochondria and mitochondrial subfractions. Using an antibody specific for domain III of the large subunit, we readily detected calpain I in purified mitochondria from mouse brain (Fig. 5E ) or cultured neurons (Fig. 5F ). Immunoblots of subfractions showed that calpain I was present exclusively in the IMS in normal tissues, whereas AIF was normally associated with the IM. Interestingly, in neurons challenged with OGD, calpain I was also detected in the IM and, to lesser extent, in the OM; AIF (the 57 kDa form) was also detected in the IMS after OGD (Fig. 5 F, G) . These results suggest that, after OGD, calpain I translocated to the IM and AIF is subject to truncation and translocation from IM to IMS.
To determine whether calpain I translocation within mitochondria is associated with alterations of calpain activity, we measured calpain-specific activity using mitochondrial protein extracts. Using whole-mitochondrial extracts from neurons, we detected a 1.8-fold increase in calpain activity in OGD neurons compared with control non-OGD neurons (Fig. 5H ) . In neurons transfected with the calpain I shRNA construct (calp-It), calpain activity was significantly decreased compared with empty plasmid or scramble sequence (calp-Is)-transfected neurons (Fig.  5H ) , indicating that calpain I was obligatory to mitochondrial calpain activity. We then examined calpain activity in mitochondrial subfractions, and, consistent with the immunoblot data, calpain activity was detected almost exclusively in the IMS of control Figure 6 . Calpain-dependent truncation of AIF is required for its release after OGD. A, Neurons were infected for 3 d with AAV carrying either the AIF-GFP fusion construct (a-l ) or the calpain-resistant mutant (L101/103G) AIFm-GFP construct (m-t) and then subjected to OGDfor60min.Confocalimagesweretakenontriple-labelimmunofluorescentneurons(GFP,green;COXIV,red;Hoechst33258,blue)in non-OGDcultures(a-d,m-p)orat2h(e-h,q-t)and6h(i-l )afterOGD.Innon-OGDneurons,AIF-GFPandAIFm-GFParelocalizedin mitochondria; after OGD, AIF-GFP is translocated into the nucleus (e-l ), whereas AIFm-GFP remains in the mitochondria (q-t). B, Percentages of transfected neurons showing nuclear localization of AIF-GFP or AIFm-GFP at 2, 6, and 16 h after 60 min OGD. *p Ͻ 0.05, **p Ͻ 0.01 versus non-OGD neurons, from four independent experiments. C, Western blots of the mitochondrial and nuclear fractions using anti-GFP antibody in non-OGD and OGD neurons (lanes 1, 4, empty AAV; lanes 2, 5, AIF-GFP transfected; lanes 3, 6, AIFm-GFP transfected). Note that AIF-GFP, but not AIFm-GFP, is cleaved and translocated into the nucleus after OGD. The whole-cell extracts were immunoblotted with the anti-AIF antibody, showing the truncation of endogenous AIF after OGD. All blots are representative of three independent experiments. D, Neurons were infected with AAV carrying either C-terminal HA-tagged AIF construct (a-h) or the calpainresistant mutant (L101/103G) AIFm-HA (i-l ) and then subjected to OGD for 60 min. Confocal images were taken on triple-label immunofluorescent neurons (HA, red; COX IV, green; Hoechst 33258, blue) in non-OGD cultures (a-d) or at 2 h (e-h) after OGD. AIF-HA is translocated into the nucleus after OGD (e-h, arrows), whereas AIFm-HA remains in the mitochondria (i-l ). E, Western blots using anti-HAantibodyonwhole-cellextractsornuclearandmitochondrialfractionsoftransfectedneuronsat2,6,and16hafterOGD.AIF-HA, but not AIFm-HA, is subjected to truncation and nuclear translocation after OGD. Blots are representative of three independent experiments. non-OGD neurons. In contrast, calpain activity was significantly increased in all three fractions in OGD neurons (Fig. 5I) .
Given that the total amount of mitochondrial calpain I appeared to be increased after OGD (Fig. 5 F, G) and that an exogenous calpain I can gain access to AIF in isolated mitochondria (Liou et al., 2005; Polster et al., 2005) , we wanted to determine whether exogenous calpain I can indeed move into mitochondria. Therefore, the cell-free assay (described in Fig. 3 ) was performed using purified brain mitochondria and active calpain I. Indeed, calcium-activated calpain I, but not the inactive calpain I, was detected in both IM and OM of mitochondria (Fig. 5J ) .
Calpain activation is sufficient to induce AIF release in neurons
Because calpain I was found to be obligatory for AIF release after OGD, it is important to determine whether other types of neuronal insults that activate calpain can also induce AIF release in neurons. We tested two non-OGD insults well known for their ability to activate calpain, the calcium ionophore A23187 (5-methylamino-2-[[(2S,3R,5R,8S,9S)-3,5,9-trimethyl-2-[1-oxo-1-(1H-pyrrol-2-yl)propan-2-yl]-1,7-dioxaspiro[5.5]undecan-8-yl]-methyl]benzoxazole-4-carboxylic acid) and the excitatory neurotoxin NMDA. Determined at 2 and 6 h after A23187 (10 M for 30 min) challenge or 6 and 16 h after NMDA (100 M for 15 min) challenge, both insults resulted in truncation (supplemental data 4A,C, available at www.jneurosci.org as supplemental material) and nuclear translocation (supplemental data 4B,D, available at www. jneurosci.org as supplemental material) of AIF. As predicted, overexpression of calpastatin attenuated nuclear translocation of AIF induced by either A23187 or NMDA.
Truncation of AIF is essential for calpain-mediated AIF release in OGD neurons
It has been reported previously that either the full-length (proform) AIF or its 57 kDa truncated form can degrade isolated nuclei with equal potency (Susin et al., 1999; Cao et al., 2003) , suggesting that the truncation of AIF may not be important for its cell death-execution activity in the nucleus. However, a critical issue that remains to be addressed is whether the truncation of AIF to the 57 kDa fragment is essential for its release from mitochondria. To address this question, we constructed AAV vectors carrying either the wild-type full-length AIF or the calpain-resistant L101G/L103G mutant AIF, both with a GFP fusion protein at their C terminus. Neurons infected with the vectors carrying the wild-type or mutant AIF showed mitochondrial location of the GFP fusion protein as demonstrated by confocal microscopy (Fig. 6 A) . After OGD challenge, the number of neurons showing a nuclear localization of AIF-GFP fusion protein was markedly increased in cultures transfected with the wild-type AIF construct, whereas the number was not significantly increased in cultures transfected with the mutant AIF (Fig. 6 A, B) . Western blot confirmed that the mutant AIF fusion protein in mitochondria was resistant to OGD-induced truncation or nuclear translocation (Fig. 6C) .
To determine whether the resistance of L101G/L103G mutant AIF to OGD-induced nuclear translocation was an artifact attributable to GFP fusion, we tested additional constructs in which the wild-type and mutant AIF were tagged with an HA sequence instead of GFP. Results from both confocal microscopy and Western blot confirmed that the mutant AIF was resistant to OGD-induced nuclear translocation (Fig. 6 D, E) .
Truncation of AIF enables its disassociation from HSP10 in the mitochondria
One potential mechanism by which AIF releases after its truncation is that truncation of AIF may enable its disassociation from a binding partner within the mitochondria. In an effort to identify potential AIF binding partners, we performed coimmunoprecipitation with AIF against 12 different mitochondrial proteins and found that AIF bound to the mitochondrial chaperone HSP10 (Fig. 7A) . The ability of AIF to bind to HSP10 was subsequently confirmed in a cell-free assay using isotope-labeled pro- ]AIF shows that Flag-HSP10 can directly bind to AIF 62 but not to AIF 57 and that calpain I, which cleaves AIF, inhibited AIF 62 /HSP10 binding but not the binding between HSP10 and the calpain-resistant AIFm. The protein-binding assay was performed as described in B. D, Western blots show decreased AIF/HSP10 binding after OGD in empty AAV-infected neurons. Cell extracts were immunoprecipitated using the anti-HSP10 antibody and then immunoblotted with the anti-AIF antibody. The AIF/HSP10 binding was restored in neurons transfected with AAV-Cps. The graph at the bottom illustrates the relative changes of three independent experiments. *p Ͻ 0.05 versus non-OGD controls. E, Neurons were infected with AAV-AIF-HA or AAV-AIFm-HA (calpain-resistant mutant) and then subjected to OGD (60 min). Immunoprecipitation (IP) was performed using the anti-HA antibody and then immunoblotted with HSP10 and HA antibodies. Note that the binding of HSP10/AIF, but not HSP10/AIFm, was decreased after OGD. Blots are representative of three experiments.
teins generated through the in vitro transcription/translation system (Fig. 7B) . Results from the domain-deletion experiments suggested that the N-terminal sequence of the 62 kDa form of AIF is required for AIF to bind to HSP10, because the 57 kDa AIF protein could not bind to HSP10 (Fig. 7C) . Furthermore, the binding between 62 kDa AIF and HSP10 was decreased in the presence of calpain I in the assay, whereas the binding between the calpain-resistant mutant AIF and HSP10 was not affected by calpain I (Fig. 7C) .
To determine whether the binding profile between AIF and HSP10 was altered in neurons after ischemic insults, coimmunoprecipitation was performed using neurons challenged with OGD for 60 min. Although the total amount of endogenous HSP10 or AIF was not changed after OGD, the binding between HSP10 and AIF was decreased in OGD neurons (Fig. 7D ). This change in HSP10/AIF binding profile was also replicated in AIF-HA (wild-type AIF)-transfected neurons (Fig. 7E) , whereas the binding between the mutant AIF-HA and HSP10 was not reduced after OGD.
The wild-type AIF but not calpain-resistant mutant AIF restores OGD-induced cell death of AIF-deficient neurons
Because the data suggested that calpain I-mediated truncation of AIF is critical for OGD-induced release of AIF from mitochondria, we wanted to test the hypothesis that overexpression of the calpain-resistant AIF in neurons lacking endogenous AIF would not restore the levels of OGD-induced cell death, but the wildtype AIF would. Thus, we performed gene transfection of AIF and the L101G/L103G mutant AIF (Fig. 8C) , respectively, in neuronal cultures derived from Harlequin (Hq) mice that express ϳ20% of normal AIF levels in the brain (Vahsen et al., 2004) . Compared with the wild-type neurons, Hq neurons displayed 27-34% decreases in cell death at 24 h after 60 min of OGD, as measured using two independent methods (Fig. 8 A, B) . Transfection of the wild-type AIF, but not the calpain-resistant mutant AIF, significantly restored the levels of OGD-induced cell death in Hq neurons (Fig. 8 A, B) .
To determine whether the increased calpain activity after OGD relies exclusively on AIF release to produce cytotoxicity, additional AAV-Cps transfection experiments were performed using Hq neurons. Transfection of calpastatin into Hq neurons resulted in significantly greater increase in cell survival (12% net increases) over untransfected Hq neurons (Fig. 8 D, E) . This result suggests that, despite the key role AIF plays in mediating calpain activity-dependent cell death, there are other calpain substrates that also contribute to ischemic cell death.
Calpastatin overexpression inhibits AIF translocation in CA1 neurons after global ischemia
Our next objective was to determine whether calpain activation is the underlying mechanism for nuclear translocation of AIF in an in vivo model of cerebral ischemia. In a previous study, we investigated the spatial distribution and temporal profile of AIF release in the rat transient global ischemia model, observing a highly reproducible pattern of AIF release in CA1 neurons at 24 -72 h after ischemia (Cao et al., 2003) . Moreover, calpain activation in CA1 after transient global cerebral ischemia has been previously well documented (Roberts-Lewis et al., 1994; Neumar et al., 2001) . Therefore, in the present study, we investigated the effect of calpastatin overexpression in CA1 neurons on ischemiainduced AIF release. AAV vectors were infused into the rat hippocampus using convection-enhanced gene delivery technology (Bankiewicz et al., 2000; Sanftner et al., 2005) . This technique resulted in widespread gene transfection in the CA1 sector of dorsal hippocampus as examined 14 d after microinfusion (Fig.  9A ). Transient global ischemia was then induced 14 d after AAV infusion, and AIF release in the CA1 sector was evaluated using Western blot (n ϭ 6 per group) at 36 and 72 h after ischemia. Compared with controls, AAV-Cps-infected CA1 showed an attenuation of calpain activation (Fig. 9 B, C) and significantly reduced nuclear translocation of AIF after ischemia (Fig. 9D-G) . Diminished AIF release by calpastatin overexpression was confirmed at the cellular level (n ϭ 5 per group) using double-label immunofluorescence (Fig. 9D) . Finally, CA1 cell death/survival was examined using stereological cell counting at 7 d after global ischemia (n ϭ 9 per group). Calpastatin overexpression significantly enhanced CA1 neuronal survival (Fig. 9H ) (supplemental data 5A, available at www.jneurosci.org as supplemental material) and significantly decreased the number of CA1 neurons containing DNA fragmentation after ischemia (Fig. 9I ) .
AIF knockdown is neuroprotective in CA1 against transient global ischemia
The final objective of this study was to determine whether AIF knockdown confers neuroprotection in CA1 against transient global ischemia. A mixture of AAV-enhanced GFP with AAVAIFt or AAV-AIFs in the ratio 1:5 was infused into the CA1 sector using the convection technique, and the effect of gene infection on AIF expression was determined at 14 d after AAV infusion using both immunofluorescent staining (n ϭ 5 per group) and Western blot analysis (n ϭ 6 per group). AAV-AIFt, but not AAV-AIFs, significantly reduced the level of AIF expression in CA1 neurons (Fig. 10 A, B) . To determine the effect of AIF knockdown on CA1 cell death, transient global ischemia (n ϭ 9 per group) or sham operation (n ϭ 6 per group) was performed at 14 d after AAV infusion, and histology was assessed at 7 d after ischemia using stereological cell counting. Neither AAV-AIFt nor AAV-AIFs resulted in significant cell loss or DNA damage in CA1 at 21 d after vector infusion in sham control brains. In brains subjected to transient global ischemia, CA1 cell death (Fig. 10C) (supplemental data 5B, available at www.jneurosci.org as supplemental material) and DNA damage (Fig. 10 D) were significantly attenuated by AAVAIFt. In separate experiments (n ϭ 4 per group), pulse-field gel electrophoresis was performed to detect large-scale DNA fragmentation, a hallmark of AIF-induced genomic DNA degradation, in the CA1 sector at 3 d after global ischemia (Fig.  10 E) . AAV-AIFt, but not AAV-AIFs, reduced ischemia-induced large-scale DNA fragmentation.
To determine whether overexpression of an shRNA-resistant AIF could restore the susceptibility of CA1 to transient global ischemia, a mixture of AAV-AIFt with vectors carrying either the wild-type human AIF (AAV-hAIF) or the mutant (L101/103G) human AIF (AAV-hAIFm) in the ratio 1:1 was infused into the CA1 sector. As determined 14 d after AAV infusion, either AAV-hAIF or AAV-hAIFm restored AIF expression levels in AAV-AIFtinfected CA1 (n ϭ 6 per group) (Fig. 10F) . Moreover, coinfection with AAV-hAIF significantly attenuated but did not completely eliminate the prosurvival effect of AAV-AIFt in CA1 at 7 d after transient global ischemia (Fig. 10G,H) . In contrast, con-infection with AAV-hAIFm had no significant effect (Fig.  10G,H) .
Discussion
The role of AIF nuclear translocation as a caspase-independent cell death pathway has been established recently in several neuronal models of ischemic-relevant injury (Cregan et al., 2002; Yu et al., 2002; Culmsee et al., 2005; Zhu et al., 2007) . However, the signaling mechanism underlying AIF release in neurons after ischemia is not fully understood. We report here that calpain I is a direct activator for AIF release in ischemic neurons. The main findings of this study include the following: (1) a calpaingenerated truncated form of AIF is released and translocated into the nucleus after ischemia; (2) calpain activation is required for AIF release after ischemia, because overexpression of the calpain inhibitor calpastatin or knockdown of the expression of calpain I in neurons inhibits AIF release; (3) calpaindependent truncation of AIF near its N terminus is essential for AIF release from mitochondria, because the calpainresistant mutant AIF is resistant to ischemia-induced release; Figure 9 . Calpastatin overexpression inhibits AIF translocation in CA1 neurons after global ischemia. A, Overexpression of calpastatin (Cps) after AAV infection in the rat brain. AAV was infused into the hippocampus using convection methodology to achieve widespread expression in the CA1 sector. Images show HA immunoreactivity (HA-Cps) at 14 d after AAV-Cps infection (b); preabsorption of the antibody with Cps protein abolished the signals (c). No Cps immunoreactivity is seen in CA1 after empty vector infection (a). Western blots (anti-HA or anti-Cps) confirm the expression of Cps protein in the CA1 sector at 7-14 d after AAV-Cps infection; n ϭ 5 per group. B, C, AAV-Cps infection inhibited global ischemia-induced calpain activation in CA1. Western blot (B) was performed at 36 h after ischemia to detect ␣-fodrin cleavage, which was inhibited by AAV-Cps (lanes 6, 7) but not by empty AAV (lanes 4, 5). Substrate-based activity assays (C) show that ischemia-induced increases in calpain activity were inhibited by AAV-Cps. *p Ͻ 0.05 versus non-ischemic controls; n ϭ 6 per group. D, Representative immunofluorescence of AIF (red) from non-ischemic CA1 (a) or 72 h after global ischemia (b-d). AAV-Cps (c, d) or the empty vector (b) was infused 14 d before ischemia, and brain sections were double-label immunostained for AIF (red) and HA (green, d). Note that majority of CA1 neurons lost normal localization of AIF after ischemia (b, arrows), but AIF translocation was rare in Cps-overexpressed CA1 (c, d, arrows). Scale bars, 50 m. E, Western blots of CA1 whole-cell extracts or subcellular fractions after sham operation (S) or at 36 and 72 h after ischemia. AAV-Cps infection inhibited ischemia-induced truncation and nuclear translocation of AIF. F, Quantitative analysis of AIF nuclear translocation 72 h after ischemia, based on the immunostaining experiments described in D. **p Ͻ 0.01 versus empty vector group or non-infection group; n ϭ 5 per group. G, Semiquantitative analysis of AIF nuclear translocation at 36 and 72 h after ischemia, based on Western blots. *p Ͻ 0.05, **p Ͻ 0.01 versus empty AAV-infected brains; n ϭ 6 per group. H, I, Cps expression promoted CA1 cell survival after global ischemia. Viable cells (H ) and DNA-damaged cells (I ) in CA1 of the dorsal hippocampus were quantified stereologically at 7 d after ischemia or sham operation after AAV-Cps or empty vector infection. **p Ͻ 0.01 versus non-infected or empty vector-infected brains; n ϭ 9 per group. and (4) inhibition of the pro-death effect of AIF by overexpressing calpastatin or knocking down AIF expression confers neuroprotection against ischemiainduced cell death. Together, these observations suggest that calpain I activation is a novel signaling mechanism that directly contributes to mitochondrial AIF release in ischemic neuronal injury.
Using the siRNA-mediated gene knockdown approach, we confirmed the obligatory role of AIF release in ischemiainduced neuronal cell death in both in vitro (OGD) and in vivo (transient global ischemia) models. The specificity of the AIF siRNA effect was supported in the current study, because transfection of scrambled siRNA sequences or AIF-unrelated siRNA sequences (GFP) failed to confer any neuroprotection against ischemia. Moreover, transfection of AIF cDNA in AIFdeficient neurons significantly restored OGD-induced cell death. These results are in agreement with recent studies demonstrating the resistance of AIF-deficient neurons from Harlequin mice to ischemic injury in both in vitro and in vivo models (Culmsee et al., 2005; Zhu et al., 2007) .
Although the results based on Harlequin mice confirmed the pro-death role of AIF in ischemic injury, a caveat with using these mice is that the AIF deficiency is also associated with a neurodegenerative phenotype in brain and increased neuronal cell death in response to certain oxidative stressors (Klein et al., 2002) . The adverse effect of AIF deficiency on the survival of certain neuronal populations in the brain has now been attributed to compromised respiratory chain complex I activity and impaired oxidative phosphorylation (Vahsen et al., 2004; Cheung et al., 2006) . It has been shown in AIF-knock-out mouse embryonic stem cells, AIFknockdown HeLa cells, and the Harlequin mice that the mitochondrial complex I activity is reduced to ϳ50% of normal levels (Vahsen et al., 2004) . In the present study, modest decreases in complex I (7.6%) and complex III (12.3%) were observed in AIF-knockdown neurons, and it appeared that reduced AIF expression had an insignificant neurodegenerative effect on cultured neurons or on hippocampal neurons in the brain. One possible explanation for the discrepancy between this study and others may be that different cell types may rely to different degrees on AIF for the maintenance of complex I in mitochondria. Thus, different cell types or organ tissues may have different thresholds for tolerating AIF loss. Supporting evidence for this assumption is that compromise of complex I activity was not found in the heart and liver of the Harlequin mice despite the same levels of AIF deficiency among different organs (Klein et al., 2002) . However, muscle-specific complete loss of AIF leads to mitochondrial dysfunction, skeletal muscle atrophy, and dilated cardiomyopathy (Joza et al., 2005) . 1-3) or at 14 d after infection with AAV-AIFs (lanes 4 -6) or AAV-AIFt (lanes 7-9). The graph illustrates the relative changes of AIF expression in CA1 after AAV-AIFt infection. **p Ͻ 0.01 versus AAV-AIFs-infected brains; n ϭ 6 per group. C, D, Knockdown of AIF expression promoted CA1 cell survival after transient global ischemia. Viable cells (C) and DNA-damaged cells (D) in CA1 of the dorsal hippocampus were quantified stereologically, respectively, at 7 d after ischemia or sham operation after AAV-AIFs or AAV-AIFt infection. *p Ͻ 0.05, **p Ͻ 0.01 versus non-infected or AAV-AIFs-infected brains; n ϭ 9 per group. E, Knockdown of AIF expression attenuated ischemia-induced large-scale DNA fragmentation in the CA1 sector, determined using DNA pulse-field gel electrophoresis at 3 d after global ischemia. Lanes 1, 2, Size markers; lane 3, non-ischemic control; lanes 4, 5, non-infected ischemic brains; lanes 6, 7, AAV-AIFs-infected ischemic brains; lanes 8, 9, AAV-AIFt-infected ischemic brains. Note that ischemia-induced formation of both 50 and 10 kbp fragments was reduced in AAV-AIFt-infected brains. F, Western blots show the expression levels of AIF in CA1, either non-infected (lanes 1, 2) or at 14 d after infection with AAV-AIFt (lanes 3, 4), coinfection with AAV-AIFt/hAIF (lanes 5, 6), or coinfection with AIFt/ hAIFm (lanes 7, 8) . G, H, Overexpression of human AIF, but not the calpain-resistant hAIFm, ameliorated the prosurvival effect of AIF knockdown after transient global ischemia. Viable cells (G) and DNA-damaged cells (H ) in CA1 of the dorsal hippocampus were quantified stereologically, respectively, at 7 d after ischemia (n ϭ 10 per group) or sham operation (n ϭ 6 per group). *p Ͻ 0.05 versus con-infection of AAV-AIFt/AAV-hAIF.
The main focus of the current study was to elucidate the signaling mechanism responsible for AIF translocation after neuronal ischemia. To this end, we found that a calpain-generated truncated AIF (57 kDa) was translocated from mitochondria to the nucleus in OGD-challenged neurons. In a search for the specific protease that produced the truncated AIF after ischemia, we found that calpain I, but not calpain II, caspases or lysosomal enzymes could generate the 57 kDa AIF from the recombinant AIF (62 kDa) in a cell-free system. It was further found in the in vitro assays that calpain I was fully capable of truncating and releasing AIF from mitochondria. These results are consistent with recently reported findings in isolated brain or liver mitochondria (Liou et al., 2005; Polster et al., 2005) . We also found that the chaperone protein HSP10 is an endogenous binding partner for AIF in the mitochondria of normal neurons and that the interaction between AIF and HSP10 was decreased in the presence of activated calpain I. Thus, the interaction of AIF with HSP10 may be a mechanism by which AIF is retained within the mitochondria in normal cells.
Calpain, also known as calcium-activated neutral protease, is one of the most versatile molecules contributing to a variety of physiological processes in cells (Suzuki et al., 1992) and also is involved in various pathological conditions such as ischemic and traumatic brain injuries (Lee et al., 1991; Bartus et al., 1994; Saatman et al., 1996; Neumar et al., 2003) . Of the best characterized calpain isoforms in neurons, calpain I (-calpain) and calpain II (m-calpain) require the presence of micromolar and millimolar Ca 2ϩ ions, respectively, for their activation and subsequent translocation to their target substrates (Suzuki et al., 1992; Basse et al., 1993) . To date, many substrates have been identified for calpain, and some are participants in cell death pathways (Gao and Dou, 2000; M. Chen et al., 2001 ). The current study, for the first time, investigates the role of calpain activation in AIF release in the context of ischemic neuronal injury, and the results suggest that AIF is a key pro-death substrate for calpain I in ischemic neurons. Supported by several lines of evidence described here, including the neuroprotective effect by knockdown of calpain I and the creation of a calpain-resistant AIF mutant, calpain I-induced truncation of AIF appears to be critical for its dissociation with HSP10 and subsequent release from the mitochondria in OGD neurons. In further support of this notion, overexpression of the wild-type AIF, but not the calpain-resistant mutant AIF, in AIF-deficient neurons was found to restore ischemic cell death in both in vitro and in vivo models.
It is indeed intriguing that calpain I, classically considered to be a cytosolic protein, gains access to the mitochondrial innermembrane-bound AIF. In agreement with the recent report by Garcia et al. (2005) , we detected calpain I in purified mitochondria from normal brain tissues and cultured neurons. We also found that calpain I is normally localized in the intermembrane space; however, during OGD, it moves to the inner membrane of mitochondria. This translocation of calpain I was found to coincide with increased calpain activity in the mitochondria, including their inner membrane. These results suggest that, in ischemic neurons, activated calpain I (from cytosolic and/or mitochondrial origin) may translocate to the mitochondrial inner membrane, leading to the truncation and release of AIF.
The other pro-death substrates identified for calpain thus far include Bid and Bax. Both are proapoptotic members of the Bcl-2 family and important regulators of the mitochondrial death pathway. Either Bid or Bax can be cleaved by calpain to an active fragment capable of compromising mitochondrial membrane integrity (Gao and Dou, 2000; Mandic et al., 2002) . However, it has been controversial whether Bid or Bax is involved in AIF release during apoptosis (Arnoult et al., 2002; van Loo et al., 2002) . In the present study, we found that activated calpain I could induce AIF release from isolated mitochondria in the absence of Bid and Bax (Bid/Bax knock-out). Moreover, despite the potency of both Bid and Bax in releasing cytochrome c, neither of them could induce AIF release from isolated mitochondria without the addition of calpain I. Nonetheless, the activation of Bid could enhance AIF release from mitochondria induced by calpain I. These results suggest that Bid or Bax is not essential for AIF release in ischemic neurons but may serve as a cofactor in calpain-induced AIF release.
Two recent studies identified PARP-1 activation and formation of poly(ADP-ribose) polymers as another mechanism leading to AIF release in models of NMDA neurotoxicity and DNA damage Yu et al., 2006) . This signaling pathway could also have important implications in ischemia because of the well established role of PARP-1 in mediating ischemic cell death. Whether the PARP-1 and calpain I pathways are interrelated in the context of cerebral ischemia-induced AIF release is unknown but will be worthwhile to explore in future studies. Indeed, PARP-1 activation and calcium signaling, including calpain activation, may engage in crosstalk at several different levels. For instance, calcium is an important cofactor in reactive oxygen species-induced PARP-1 hyperactivation (Karczewski et al., 1999; Bentle et al., 2006) , whereas PARP-1 activation could further disrupt calcium homeostasis, leading to mitochondrial calcium overload (Yang et al., 2006) . Interestingly, PARP-1 is a direct substrate for calpain I and undergoes calpaindependent cleavage under certain conditions of neuronal apoptosis (Boland and Campbell, 2003) , which could possibly form a feedback loop limiting the effect of PARP-1 activity.
In summary, the data presented in this report delineate calpain I activation as a direct mechanism triggering AIF release after ischemic neuronal injury. Because AIF release and its nuclear translocation constitute an important caspase-independent cell death pathway in cerebral ischemia, novel therapeutic interventions aiming at inhibiting calpain I activity and preventing AIF release may offer favorable neuroprotective effects without interfering with the physiological functions of AIF within mitochondria.
